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The  present  paper  reports  the  preparation  of very  simple  and  inexpensive  superhydrophobic  surfaces
fabricated  using  titanium  dioxide  and  lower  alkyl  chain  silane  (trimethoxypropyl  silane)  in  aqueous  or
non-aqueous  solvent.  The  superhydrophobic  surfaces  fabricated  in aqueous  or non-aqueous  solvent  had
same  static  water  contact  angle,  but showed  different  contact  angle  hysteresis  and  liquid–solid  adhesion.
Superhydrophobic  surface  fabricated  in  aqueous  solvent  showed  high  contact  angle  hysteresis  (CAH).  In
addition,  liquid–solid  adhesion  of superhydrophobic  surface  fabricated  in aqueous  solvent  is different  in
which the  water  droplet  roll  on  the  surface  but  will  not  roll  off out  of the  surface  during  tilting  and  felliO2
rimethoxypropyl silane
ysteresis
dhesion
down  when  turned  upside  down.  The  reason  for such  high  contact  angle  hysteresis  and  novel liquid–solid
adhesion  behavior  is  explained  on  the basis  of measurements  on the superhydrophobic  surface  using
water  contact  angle  (WCA)  data,  proﬁlometry,  SEM  images,  XPS  and  FTIR-ATR  analysis.  These  results
are  compared  with  the  superhydrophobic  surface  fabricated  in  non-aqueous  solvent  which  showed  self-
cleaning  properties.  Based  on  WCA,  XPS  and  FTIR-ATR  analysis,  it is  shown  that  the  difference  in the  CAH
 than
 is  more  chemical  in  origin
. Introduction
Surfaces with contact angle for water above 150◦ are termed as
uperhydrophobic surfaces. Extensive studies carried out to study
uch superhydrophobic surfaces reveal the importance of surface
oughness and chemical morphology [1–5]. There are two  possible
etting states on rough surfaces: the Wenzel [6] (homogeneous)
nd the Cassie and Baxter [7] (composite) state. In Wenzel state,
he water droplets pin the surface in a wet-contact mode with-
ut any movement, even if the surface is titled to vertical position
r turned upside down. In Cassie state, water droplet adopts a
on-wet contact mode on the solid surface and can roll off eas-
ly owing to their low water adhesion. The contact angle hysteresis
CAH) (which is the difference between the advancing and reced-
ng water contact angle) on these superhydrophobic surfaces has a
alue lower than ∼10◦. Superhydrophobic surface with low CAH are
f special interest because of properties like self-cleaning [8],  anti-
ticking [9] and anti-contamination [1].  These properties are very
mportant for many industrial and biological applications [10,11].
n addition to Wenzel and Cassie–Baxter state there is another
tate called transition or metastable state. This metastable state
s between the Wenzel and Cassie state and a water droplet on this
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surface can transit from a composite to a fully wetted state upon
external disturbances. For metastable state, a stochastic model of
roughness [12] is proposed and in terms of energy, there would
be an energy barrier between those two  states which can be over-
come by external disturbances [13,14]. Jiang et al. [15] proposed
a new superhydrophobic state called “Gecko state” and prepared
superhydrophobic polystyrene nanotubes surface [16] with high
adhesive force mimicking gecko’s foot. It is well known that an
increase in the liquid–solid contact area between a water droplet
and a superhydrophobic surface contributes to increase in the
droplet adhesion to the surface [17–19].  However, the mechanism
of simultaneous superhydrophobicity and extremely high water
droplet adhesion are not well comprehend [20]. The states of super-
hydrophobic surface are also a subject of controversy based on
contact area, triple phase liquid/air/solid contact line and which
state exists in different circumstances [21–24].
Compared with the lotus effect (a superhydrophobic state with
low adhesive force widely observed in nature) there is another
effect called rose petal effect, a superhydrophobic state with high
adhesive force. A water droplet on the surface of the rose petal
(rosea Rehd) is spherical in shape and it cannot roll off even when
the petal is turned upside down [25]. The wetting behavior of
rose petal can be explained by different designs in the surface
Open access under the Elsevier OA license.hierarchical micro and nanostructures. The rose petal microstruc-
ture has larger pitch value than lotus leaf, so the water droplet is
allowed to impregnate between the microstructure but partially
penetrates into the nano structure. This is referred to the Cassie
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mpregnating wetting state, in which the wetted surface is less
han the Wenzel state but greater than the Cassie–Baxter state
25,26]. The lotus effect tends to be in Cassie’s state and rose petal
ffect in Cassie impregnating wetting state. A recent study con-
rmed that the superhydrophobic rose petals have different surface
icro and nano structures, exhibiting high (Rosa Hybrid Tea, cv.
airage) and low (Rosa Hybrid Tea, cv.  Showtime) adhesion [26].
egardless of disputes, it seems clear that rose petals offer abun-
ant inspiration for biomimicry. Superhydrophobic surface with
igh adhesion have various potential application such as transport
f liquid micro droplets over a surface without sliding or rolling
way [16]. Liquid–solid adhesion on superhydrophobic surface is
ainly governed by the surface geometrical structure and surface
omposition. Normally, the liquid–solid adhesion is assessed by
he CAH and it is inﬂuenced by thermodynamic and kinetic factors
uch as surface structure and heterogeneity, chemical heterogene-
ty, triple phase contact line, liquid penetration, surface mobility,
urface defects, etc. [27,28].
Titanium dioxide (TiO2) has a widespread use in variety of
pplication like photo-catalysis, solar cells, pigments and so forth.
uperhydrophobic surface using titanium dioxide is an interesting
rea of research from a decade ago to till date [2,29–31]. Super-
ydrophobic titanium dioxide surfaces have gradually received
ttention because they exhibit extraordinary wettability conver-
ion from superhydrophobicity to superhydrophilicity under UV
rradiation [4,29,32]. Superhydrophobic surfaces of less adhesion
sing titanium dioxide are also fabricated and studied. In the
resent study, we have fabricated a superhydrophobic surface with
ovel adhesion behavior using titanium dioxide in which water
roplet will roll on the surface on tilting but will not roll off out
f surface but when turned upside down it will fall down. The
repared superhydrophobic surfaces were characterized by water
ontact angle (WCA) measurements, SEM images, proﬁlometry,
PS and FTIR-ATR analysis.
. Experimental
.1. Chemicals
Trimethoxypropyl silane (TMPSi) of purity 97% was  obtained
rom Aldrich. Xylene (mixture of isomers) was purchased from
erck (Brazil). Titanium dioxide nanoparticle powder, AEROXIDE®
iO2-P25, was received from Degussa Corporation and used with-
ut any further treatment.
.2. Nanoparticles functionalization
Diluted TMPSi-aqueous solution was prepared by premixing
MPSi and ethanol in equal amounts in deionized water. The
MPSi-aqueous solution was stirred for few minutes and then
ged until the solution become hazy. After aging, 20 mL  of TMPSi-
queous solution was stirred with 0.3 g of titanium dioxide for few
inutes. The stirred solution was then poured in petri dish and
eft inside the oven at a moderate temperature to increase the
ondensation reaction rates. To compare the adhesion behavior
f titanium dioxide ﬁlm prepared from TMPSi-aqueous solution,
nother titanium dioxide ﬁlm was prepared using same concen-
ration of titanium dioxide and TMPSi in xylene solvent in a similar
ay mentioned above for the ﬁlm prepared from TMPSi-aqueous
olution. To avoid confusion between the surface prepared from
MPSi-aqueous solution and TMPSi-xylene solution, ATMPSi and
TMPSi will be used in the following discussions to denote the
urface prepared in TMPSi-aqueous solution and in TMPSi-xylene
olution.ace Science 258 (2012) 7950– 7955 7951
2.3. Water contact angle measurements
Static water contact angle (WCA) was  measured at ambient
temperature using 4–6 L droplet of deionized water by gently
deposited on the substrate using a micro syringe. For CAH, the
advancing and receding contact angles were measured at the front
and back of the water droplet on the tilted surface. The tilting angle
measurements were performed using a mechanical level goniome-
ter. All the measurements were repeated at least three times and
each at different position. The images were captured using digital
video camera and analyzed for contact angle measurements using
Surftens 3.0 software.
2.4. Characterization of the surface morphology
Surface morphologies of the ﬁlms were mainly observed under
scanning electron microscopy, SEM (Joel JSM 6060) using elec-
tron acceleration between 5 and 10 kV. Proﬁlometer measurements
were carried out by using a proﬁlometer Ambios XP-2 with a sty-
lus of 2.5 mm radius. The arithmetic mean of the surface roughness
(Ra) was  calculated from the roughness proﬁle and the RMS  (root
mean squared) roughness was  ﬁnally informed.
2.5. Fourier transformed infrared spectroscopy (attenuated total
reﬂectance mode)
Fourier transformed infrared spectroscopy in attenuated total
reﬂectance mode, FTIR-ATR (Alpha-P model, Bruker) spectra of the
casted ﬁlms were obtained with spectral resolution of 4 cm−1.
2.6. X-ray photoelectron spectroscopy
X-ray photoelectron spectroscopy, XPS (Omicron GmbH,
Germany) experiments were carried out in an ultrahigh vacuum
chamber using a conventional electron spectrometer equipped
with a hemispherical analyzer (7 channeltrons) and using Al K
X-ray radiation (photon energy of 1486.8 eV) as excitation source.
Survey spectra were recorded with pass energy of 50 eV, whereas
selected atomic signals were acquired with pass energy of 10 eV. In
the survey spectra, the position of the C–C/C–H was  speciﬁed and
other peaks of different carbon environments were ﬁxed relative to
this peak, set at 285.0 eV. The C 1s, O 1s and Ti 2p envelopes were
analyzed and peak-ﬁtted after subtraction of a Shirley background
using Gaussian–Lorenzian peak shapes obtained from the Casa XPS
software package.
3. Results and discussion
The wetting behavior of ATMPSi and XTMPSi surface was ﬁrst
investigated by WCA  measurements. As water droplet is deposited
on the surface, a high static WCA  of 159 ± 2◦ and 160 ± 2◦ is
observed for ATMPSi and XTMPSi surface, respectively (Fig. 1).
From SEM images, it can be seen that the surface of ATMPSi
(Fig. 2a–c) and XTMPSi (Fig. 2d–f) have heterogeneous roughness
with hierarchical micro and nano structures. The titanium diox-
ide particles were nanometer (diameter ∼20–30 nm)  in dimension
and their micro–nano aggregate was beneﬁcial for the forma-
tion of superhydrophobic surface. On comparing the WCA  and
CAH (Fig. 3) of ATMPSi and XTMPSi surface, the WCA  values
were similar but the samples showed a high difference in CAH. It
should be noted that the superhydrophobic surfaces exhibit com-
parable apparent WCAs, their adhesion to liquid may be quite
different [33,34].  The static WCA  of fresh and dried rose (Rosa
cv.  Bairage) petal showed similar WCA  (152◦ and 150◦) but their
CAH difference is very high. The difference in CAH of fresh and
dried state of rose petal was  due to difference in pitch values
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tact an
o
o
n
a
cFig. 1. Images of static water con
f microstructure which changed because of drying [26]. Surface
f a material can be structurally and/or energetically heteroge-
eous. The CAH can be regarded as an activation barrier to motion
nd in terms of surface energy; the advancing angle reﬂects the
haracteristics of the low-energy portion of the surface, while the
Fig. 2. SEM images of ATMPSi (a)–gle of ATMPSi and XTMPSi ﬁlms.
receding angle reﬂects the characteristics of the high-energy por-
tion of the surface. The maximum CAH of XTMPSi surface was 10◦
and the mean advancing and receding angles of the water droplet
on the surface are 166◦ and 156◦, respectively, indicating that the
XTMPSi surface had low CAH (low hysteresis) and in Cassie-Baxter
(c) and XTMPSi (d)–(f) ﬁlms.
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The characteristic feature of TiO2-P25 and ATMPSi surface isFig. 3. Static and dynamic water contact angle of ATMPSi and XTMPSi ﬁlms.
tate. The CAH of ATMPSi surface was 29◦ with advancing angle
f 165◦ and receding angle of 136◦. The ATMPSi surface exhibited
 novel adhesion behavior in which water droplet will roll on the
urface on tilting but will not roll off out of surface and when turned
pside down it will fall down. SEM images (Fig. 2) reveal an appar-
nt different surface morphology in ATMPSi ﬁlm than XTMPSi ﬁlm
ith different sizes of hierarchical micro and nano structures. Pro-
lometer measurements showed that the root mean squared (RMS)
oughness of ATMPSi samples were (0.39 ± 0.07) m over all the
ubstrate and XTMPSi substrates showed RMS roughness values
anging from 0.48 to 0.04 m.
The morphology information (SEM and proﬁlometer measure-
ents) indicates that XTMPSi substrates have a very heterogeneous
MS roughness ranging from 0.48 to 0.04 m.  On the con-
rary, ATMPSi showed a more homogeneous RMS  roughness of
0.39 ± 0.07) m over all the substrate. Regions with low RMS
oughness (∼40 nm)  would increase the hysteresis due to the
ncrease in the solid–liquid contact line. The CAH results showed
hat XTMPSi substrates have lower adhesion than ATMPSi. SEM and
roﬁlometry data cannot give a clear explanation of the obtained
esults on hysteresis. It is believed that the surface of ATMPSi can
lso be energetically heterogeneous meaning that per site or per
atch, the surface energy is not constant due to heterogeneity in
urface chemical composition. In consequence, the morphology
nformation pointed out that the difference in the CAH may  be due
o chemical in origin than morphological. XPS is a powerful tech-
ique highly sensitive to chemical composition and it was  used
reviously to show the change in surface composition of superhy-
rophobic surfaces [3,4]. Following that approach, XPS is used to
nvestigate the surface compositions of the ﬁlms.
XPS survey spectra (Fig. 4) show the signals of O 1s, Ti 2p, C
s and Si 2p appearing in the titanium dioxide-P25 (TiO2-P25),
TMPSi and XTMPSi surfaces. The elemental compositions deter-
ined from survey spectra on the surface of TiO2-P25, ATMPSi and
TMPSi surface are summarized in Table 1. The stoichiometric ratio
f titanium and oxygen 0.60:1.0 is in agreement with the literature
able 1
uantiﬁcation of the surface species on TiO2-P25, ATMPSi and XTMPSi ﬁlms by XPS
easurements.
Ti 2p (%) O 1s (%) C 1s (%) Si 2p (%)
TiO2-P25 32.7 54.6 8.6 4.1
ATMPSi 8.6 41.1 37.4 12.9
XTMPSi 7.7 32.0 48.0 12.2Fig. 4. XPS survey spectra of TiO2-P25 and casted ﬁlms.
value of 0.52:1.0 for TiO2-P25 [35]. The increase in atomic per-
centage of C 1s and Si 2p and decrease in atomic percentage of
Ti 2p and O 1s signal on the surface of ATMPSi and XTMPSi showed
that titanium dioxide particles are covered by TMPSi. The carbon
to silicon stoichiometric of ATMPSi and XTMPSi surface are 2.9:1.0
and 3.9:1.0, very close to the expected ratio of carbon to silica for
TMPSi (C3H7-Si). TMPSi, a low surface energy material covered the
hydrophilic titanium dioxide particles and helped for the transition
from hydrophilicity to superhydrophobicity.
To clarify the reason for novel adhesive behavior of water
droplet on ATMPSi surface, high-resolution O 1s spectra (Fig. 5) of
TiO2-P25, ATMPSi and XTMPSi surface are taken and investigated.
The oxygen elemental composition on the surface of TiO2-P25,
ATMPSi and XTMPSi surface are summarized in Table 2. The O 1s
spectra of all the surfaces has three components centered at binding
energies 530.0, 532.0 and 533.0 eV corresponding to O–Ti, Ti–OH
and Ti–O–Si groups. This is in good agreement with the reported
literature values [35–37].a sharp increase of Ti–OH signal centered at 532.0 eV on ATMPSi
surface compared to TiO2-P25 surface. It is due to water absorp-
tion [38,39] by the titanium dioxide particles during stirring with
Table 2
Quantiﬁcation of the oxygen surface species on TiO2-P25, ATMPSi and XTMPSi ﬁlms.
Element O–Ti (%) Ti–OH (%) Ti–O–Si (%)
TiO2-P25 55.9 29.1 15.0
ATMPSi 48.9 36.7 14.3
XTMPSi 64.9 19.4 15.7
7954 R. Ramanathan, D.E. Weibel / Applied Surface Science 258 (2012) 7950– 7955
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which water droplet rolled on the surface without rolling off outFig. 5. XPS O 1s spectra of TiO2-P25 and casted ﬁlms.
MPSi-aqueous solution. Another important characteristic feature
f ATMPSi and XTMPSi surface is the difference in Ti–OH and
i–O–Si peaks intensity centered at 532.0 and 533.0 eV. The sharp
ntensity increase of Ti–OH peak on ATMPSi surface and inten-
ity decrease on XTMPSi surface relative to their corresponding
i–O–Si peak indicates that there is difference in the coverage of
MPSi present on their surface. The TMPSi-aqueous solution used
or preparing ATMPSi surface has oligomeric siloxanol formed dur-
ng aging [40]. Higher number of Ti–OH groups formed on ATMPSi
urface due to water absorption was not completely covered or
artially covered by the oligomeric siloxanol formed during aging.
EM images of ATMPSi surface, with cluster like morphology, con-
rm some kind of large scale bonding between titanium dioxide and
ligomer siloxanes. The decline in silylation coverage is attributed
o the formation of polysilanes in TMPSi-aqueous solution which
ecreased the accessibility of Ti–OH groups. For water droplet on
TMPSi surface, the adhesive force between water droplet and
urface is due to irregular polar interactions (because of partial cov-
rage by siloxanes) between Ti–OH groups and water molecules.
his irregular polar interaction creates energetic heterogeneity and
akes the surface energy per site or per patch not constant. The
nconstant surface energy makes the water droplet on ATMPSi sur-
ace to roll on but not to roll off out of the surface. But the water
roplet on ATMPSi surface falls down when turned upside down.
his is due to the weight of water droplet which overcomes the
rregular polar interactions acting between the air trapped surface
nd the water droplet.
In XTMPSi surface, the Ti–OH groups are covered by the TMPSi
onomers more efﬁciently and the water droplet is suspended by
he air pockets trapped in micro and nanostructures that makes
riple phase contact line discontinuous (see Fig. 5 and Table 2). Thus
he adhesion of the XTMPSi surface is relatively decreased and the
roplet easily rolls off the surface. To support the results further
TIR-ATR spectra is taken on TiO2-P25, ATMPSi and XTMPSi surface
Fig. 6). FTIR-ATR spectra obtained on ATMPSi surface proves thatFig. 6. FTIR-ATR spectra of TiO2-P25 and casted ﬁlms.
the ATMPSi surface is not completely covered by TMPSi and showed
a strong intensity band of titanium dioxide. But on XTMPSi sur-
face the intensity band of titanium dioxide disappeared completely
and in addition appeared new bands at 1495 and 1463 cm−1. These
new bands on XTMPSi surface conﬁrm the absorption of xylene
by titanium dioxide particles. The uncovered hydroxyl groups left
by TMPSi on titanium dioxide surface act as active sites for xylene
adsorption and the absorbed xylene covered the sites of exposed
titanium cations with unsaturated coordination [41]. So the XTMPSi
has less number of Ti–OH groups on the surface (Table 2) compared
to ATMPSi surface and TiO2-P25.
Regarding the temporal and mechanical stability, the prepared
ﬁlms remained stable and showed superhydrophobic properties
with low hysteresis (XTMPSi) or high adhesion (ATMPSi) for
months when stored and tested in ambient temperature. However,
the nail hardness of ATMPSi surface was also better than the XTMPSi
surface due to binder which binds the titanium dioxide nanoparti-
cles. The oligomeric siloxanes act as a binder in ATMPSi and offers
better resistance to nail hardness.
4. Conclusions
The present work reports a very simple and inexpensive method
to fabricate superhydrophobic surface with different liquid–solid
adhesion properties. The superhydrophobic surfaces are fabricated
using lower alkyl chain silane in different solvents with different
liquid–solid adhesion behavior. ATMPSi superhydrophobic sur-
face with novel liquid–solid adhesive behavior is fabricated using
titanium dioxide and trimethoxypropyl silane in aqueous solvent
(ethanol/water). XTMPSi superhydrophobic surface is fabricated
using titanium dioxide and trimethoxypropyl silane in xylene sol-
vent. The WCA  of ATMPSi and XTMPSi are same (∼160◦) with
different contact angle hysteresis. The maximum CAH of XTMPSi
surface is 10◦ and the mean advancing and receding angles of the
water droplet on the surface are 166◦ and 156◦ respectively, indi-
cating that the XTMPSi surface has low CAH and in Cassie–Baxter
state. The CAH of ATMPSi surface is 29◦ with advancing angle of
165◦ and receding angle of 136◦. Higher hysteresis in ATMPSi sur-
face is due to the size difference of hierarchical micro and nano
structures together with different chemical surface properties. The
microstructures on ATMPSi surface are larger than the XTMPSi sur-
face. In addition, ATMPSi exhibited a novel adhesion behavior inof the surface and fell down when turned upside down. This novel
liquid–solid adhesive behavior in superhydrophobic ATMPSi sur-
face is due to Ti–OH groups on titanium dioxide left uncovered
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